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The  strain  localization  phenomenon  of  "adiabatic  shear"  is  generally 
attributed  to  a  plastic  instability  arising  from  a  thermal  softening  effect 
during  adiabatic  or  near-adiabatic  plastic  deformation.  High  strain-rate 
1  adiabatic  torsion  tests  indicate  that  the  effective  shear  stress-strain 
|  (t-7)  relations  for  high-strength  (rate-insensitive)  steels  can  be 

j  described  by  a  simple  expression  of  the  form: 

t  =  t  (1  +  ay)  exp  (-By) 

where  Tq  is  a  constant,  and  fi  are  dimensionless  hardening  and  softening 
parameters.  The  flow  stress  reaches  a  maximum  at  an  instability  strain, 
y^  =  0-1-qtI .  with  parameters  derived  from  the  torsion  tests,  this  rela¬ 
tion  has  been  used  in  computer  simulations  of  the  development  of  intense 
shear  localization  in  a  simple  uniformly  loaded  body.  Strain  localization 
has  been  studied  under  conditions  of  both  quasistatic  and  dynamic  defor¬ 
mation.  Application  to  the  simulation  of  ballistic  penetration  is  in 
progress . 

Experimental  evidence  indicates  the  existence  of  a  pressure-dependent 
strain  softening  effect  attributed  to  subcritical  shear  microcracks  which 
contributes  to  shear  instability  in  mild  steels.  This  phenomenon  nay  also 
operate  in  high-strength  steels,  giving  rise  to  a  pressure-dependent  p 
parameter.  Experiments  are  being  designed  to  determine  the  relative  im¬ 
portance  of  this  effect  in  the  adiabatic  deformation  of  high-strength 
steels  and  its  possible  role  in  ballistic  penetration. 
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INTRODUCTION 


Since  the  classic  work  of  Zener  and  Hollomon,!  it  has  been  well  recognized  that 
the  temperature  rise  accompanying  plastic  deformation  under  conditions  of  restricted 
heat  transfer  can  contribute  a  destabilizing  strain-softening  contribution  to  plastic 
flow  behavior.  The  associated  strain  localization  phenomenon  of  "adiabatic  shear'  is 
known  to  play  an  important  role  in  the  dynamic  plastic  deformation  encountered  in  such 
diverse  areas  as  machining,  metalworking,  cryogenics,  ballistic  penetration,  and  ex¬ 
plosive  fragmentation.  The  conventional  view  is  that  the  phenomenon  can  be  treated 
as  a  continuum  plastic  instability,  provided  that  the  constitutive  flow  behavior  is 
properly  described.  We  will  here  examine  appropriate  constitutive  relations  for 
plastic  flow  under  adiabatic  conditions,  and  assess  the  use  of  these  relations  in 
computer  codes  allowing  an  extension  from  the  familiar  regime  of  quasistatic  plastic 
flow  to  a  treatment  of  strain  localization  during  fully  dynamic  plastic  deformation. 
With  the  ultimate  objective  of  understanding  and  controlling  the  ballistic  penetration 
of  high-strength  steels,  we  will  focus  largely  on  the  behavior  of  steels  with  emphasis 
on  the  conditions  for  the  initiation  of  flow  localization. 


BACKGROUND 

The  phenomenon  of  adiabatic  shear  as  it  occurs  in  ballistic  penetration  is  illus¬ 
trated  in  Figure  1.2  Figure  la  shows  the  extensive  plastic  deformation  that  occurs  when 
a  hard  steel  projectile  impacts  a  low-strength  steel  target.  As  the  strength  of  the 
target  is  increased,  eventually  the  localized  deformation  mode  of  Figure  lb  occurs,  in 
which  plastic  flow  is  concentrated  in  thin  shear  bands  which  appear  white  after  metallo- 
graphic  etching.  The  localized  flow  results  in  a  "shear  plugging"  mode  of  target 
failure  in  which  the  material  ahead  of  the  projectile  is  ejected  as  one  solid  piece 
with  relatively  little  attendant  energy  absorption.  This  tendency  for  flow  localization 
at  high  strength  levels  is  also  important  in  the  behavior  of  projectiles.  A  mixture 
of  fracture  and  white  band  formation  can  be  noted  in  the  projectile  shown  in  Figure  la. 

Recent  reviews  of  the  subject  of  adiabatic  deformation  and  flow  localization  are 
listed  in  Table  1.  The  reviews  of  Rogers^’^  and  Bedford  et  al.,^  give  an  excellent 
overview  of  the  general  phenomenon  including  the  microstructures  resulting  from  local¬ 
ized  flow.  The  continuum  plasticity  theory  of  adiabatic  flow  localization  is  treated 
by  Clifton, ^  and  a  general  survey  of  strain  localization,  including  adiabatic  shear,  is 
given  by  Argon. ^  A  concise  treatment  of  the  specific  role  of  adiabatic  shear  in  arma¬ 
ments  and  ballistics  can  be  found  in  the  review  of  Samuels  and  Lamborn.^  Table  1  also 
lists  experimental  measurements  relevant  to  the  constitutive  relations  for  adiabatic 
plastic  fW>-15  which  will  be  discussed  later. 

Much  attention  has  been  directed  to  the  microstructures  of  the  white-etching  bands 
formed  in  high-strength  steels. 8, 16-18  The  bands  are  generally  found  to  be  composed 
of  very  fine-grained  ferrite  supersaturated  with  carbon.^  As  similar  microstructures 
are  developed  during  cyclic  deformation  of  bearing  steels  and  the  wear  of  surfaces^ ^“21 
where  substantial  temperature  rises  are  less  likely,  the  relative  importance  of  tem¬ 
perature  and  high  plastic  strain  in  the  development  of  these  bands  is  not  clear.  It 
should  be  noted  that  these  white-etching  bands  ("transformation  bands")  as  distinct 
from  simply  bands  of  concentrated  strain  ("deformation  bands")22  represent  an  advanced 
stage  of  the  localized  flow  process.  Mechanisms  contributing  to  the  development  of 
the  white-band  microstructures  are  not  necessarily  relevant  to  the  conditions  for  the 
"onset"  of  the  plastic  flow  localization.  For  example,  the  experimentally  observed 
conditions  for  the  onset  of  instability  in  high-strength  steels  to  be  discussed  later 
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Table  1.  REVIEWS  OF  ADIABATIC  DEFORMATION  AND  LOCALIZATION 


Rogers  1979  (3,4) 

Bedford  et  al .  1974  (5) 

Clifton  1978  (6) 

Argon  1973  (7) 

Samuels  and  Lamborn  1978  (8) 


General  phenomenology 

Analysis  of  shear  localization 

General  theory  of  stability 
and  localization 

Role  in  armaments  and  ballistics 


Shear  Stress-Strain  Measurements  -  Steels 


Culver  1973  (9) 

Costin  et  al .  1979  (10) 

Lindholm  and  Hargreaves  1976  (11,12) 

Walker  and  Shaw  1969  (13) 

Luong  1977  (14,  15) 


Adiabatic  torsion,  mild  steel 

Adiabatic  torsion,  high  strength  steel 

Isothermal  shear  and  compression, 
mild  steel 

Adiabatic  shear  and  compression, 
mild  steel 


would  be  accompanied  by  a  maximum  temperature  rise  of  50°C.  Such  processes  as 
mar tens ite-aus tenite  reversion, 16-23  often  invoked  in  reference  to  white-band  forma¬ 
tion,  are  of  little  relevance  to  the  initiation  of  localization  at  such  low  temperaturi 
From  a  practical  standpoint,  it  would  seem  that  the  most  fruitful  approach  to  the 
control  of  the  adiabatic  shear  phenomenon  would  be  to  delay  the  onset  of  localization 
rather  than  to  search  for  possible  mechanisms  of  restabilization  after  intense  local¬ 
ization  has  already  occurred. 

Continuum  plasticity  analyses  of  the  onset  of  strain  localization  under  adiabatic 
or  near-adiabatic  conditions  generally  ascribe  the  chief  destabilizing  influence  to  a 
strain  softening  term  given  by: 

3T  3x 

By  BT’ 

with  T  the  shear  flow  stress,  y  the  plastic  shear  strain,  and  T  the  temperature.^  Thii 
term,  often  referred  to  as  "thermal  softening,"  is  a  negative  quantity  due  to  the  nega¬ 
tive  temperature  dependence  of  T.  For  fully  adiabatic  conditions,  under  which  a 
fraction,  f,  of  the  work  of  plastic  deformation,  Tdy,  is  not  stored  as  structural  defec 
and  therefore  contributes  to  a  temperature  rise,  the  term  becomes: 

3T  _3r  s  fr_  _Br 

By  3T  pCp  3T’ 


(1) 


where  p  and  Cp  are  the  density  and  specific  heat.  The  proportionality  with  T  is  the 
principal  reason  why  the  thermal  effect  becomes  more  important  in  higher  strength 
materials.  If  this  term  becomes  large  enough  to  bring  the  net  strain-hardening  rate 
to  zero 


dr 

ay 


0, 


(2) 


deformation  in  shear  becomes  unstable,  and  localization  of  flow  will  occur.  Analytical 
treatments  of  the  growth  of  flow  perturbations  using  elaborate  constitutive  models  have 
indicated  situations  where  flow  can  localize  in  shear  while  dT/dY  is  still  slightly 
positive,  but  for  the  most  part  Eq.  2  represents  a  reasonably  useful  criterion  for  the 
onset  of  shear  localization  in  the  regime  of  quasistatic  plastic  flow. 

The  perturbation  analyses  show  that  heat  transfer  from  a  deforming  volume,  through 
reduction  of  9T/0Y,  can  exert  a  stabilizing  influence  on  plastic  deformation  similar  to 
the  effect  of  strain-rate  hardening  in  superplastic  flow.  Application  of  a  one¬ 
dimensional  heat  flow  solution^  for  a  constant  rate  of  heat  input  into  a  region  of 
characteristic  dimension  L,  as  discussed  by  Culver, 9>26  pr0vides  a  useful  basis  for 
assessing  the  importance  of  heat  flow  during  plastic  deformation  at  high  strain  rates. 
The  temperature  profile  at  time  t  is  controlled  by  the  parameter  L^/Kt,  where  K  is  the 
thermal  diffusivity.  A  rough  boundary  between  the  regimes  of  "isothermal"  and  "adia¬ 
batic"  behavior  is 


L 


2 


Kt 


-  1. 


(3) 


The  average  temperature  within  the  region  defined  by  L  will  be  10%  and  90%  of  the  fully 
adiabatic  limit  for  values  of  lP / Kt  of  ~10-^  and  ~10^.  At  a  constant  strain  rate  Y  , 
time  can  be  expressed  as  t  =  Y/Y  .  Use  of  an  appropriate  value  of  K  for  steels  indi¬ 
cates  that  for  most  of  the  conditions  for  which  "adiabatic  shear  banding"  is  observed, 
the  deformation  preceding  localization  is  very  nearly  fully  adiabatic,  and  heat  trans¬ 
fer  becomes  important  only  after  intense  localization  has  occurred.  This  is  particu¬ 
larly  so  in  the  case  of  ballistic  penetration.  One  can  in  fact  use  the  assumption 
that  restricted  heat  flow  is  necessary  to  the  development  of  white-etching  shear  bands 
as  a  means  to  calculate  a  lower  limit  to  band  thickness.  For  local  strain  rates  of 
105  to  10^s  1  and  local  strains  of  1  to  10,  adopting  Eq.  3  as  a  criterion  for  signifi¬ 
cant  heat  transfer  gives  a  band  dimension  L  of  the  order  of  10  pm  in  agreement  with  the 
white  band  thicknesses  observed  in  s tee  Is . ^2 , 23 , 27-29 

The  analytical  treatments  of  strain  localization  further  indicate  that  the  most 
important  stabilizing  influence  is  the  intrinsic  structural  strain  hardening  rate  (as 
determined  for  example  from  the  isothermal  flow  behavior). This  is  perhaps  the 
parameter  most  amenable  to  manipulation  in  attempting  to  delay  the  adiabatic  insta¬ 
bility.  Most  analyses  conclude  that  strain-rate  hardening  is  also  a  stabilizing  in¬ 
fluence,-^  although  Clifton^  concludes  the  opposite;  the  physical  basis  of  this 
result  is  not  obvious.  For  high  strength  steels,  however,  strain-rate  sensitivity 
is  small  and  its  influence  can  be  reasonably  neglected. 

Estimates  of  critical  strains  for  adiabatic  instability  have  been  made  based  on 
constitutive  relations  (largely  empirical)  developed  originally  for  isothermal  deforma¬ 
tion,  and  compared  with  results  of  high  strain-rate  torsion  tests. 9-12  Conclusions 
regarding  agreement  between  theory  and  experiment  are  mixed. 
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The  flow  localization  analyses  discussed  thus  far  have  been  based  on  quasistatic 
deformation  theory.  To  extend  the  localization  concepts  into  the  regime  of  dynamic 
plastic  deformation,  as  is  appropriate  for  problems  like  ballistic  penetration,  the 
concept  of  "wave  trapping"  has  been  proposed. 32  jn  essence,  this  concept  is  based  on 
the  velocity  of  a  plastic  shear  wave,  v®,  expressed  by: 

s  -  I1  dT 

VP  \p  dy  '  (4) 

When  the  net  strain  hardening  rate  reaches  zero  (as  in  Eq.  2),  the  plastic  wave  should 
cease  to  propagate,  and  deformation  should  localize.  This  concept  will  be  commented 
on  further  when  results  of  dynamic  computer  code  calculations  are  discussed. 


ADIABATIC  FLOW  RELATIONS 

While  the  temperature  T  is  constant  during  an  isothermal  process,  the  entropy  S 
is  the  thermodynamic  state  function  which  is  constant  under  adiabatic  conditions. 

From  the  viewpoint  of  thermodynamics  and  statistical  mechanics,  temperature  and  entropy 
are  equally  fundamental  quantities,  and  an  equation  of  state  can  be  formulated  with 
either  as  an  independent  variable.  Hence,  instead  of  attempting  to  apply  empirical 
constitutive  relations  based  on  isothermal  experiments  to  the  case  of  adiabatic  deforma 
tion,  it  is  equally  valid  to  formulate  new  empirical  constitutive  relations  for 
adiabatic  (isentropic)  plastic  flow  derived  directly  from  experiments  performed  under 
adiabatic  conditions.  One  should  note  that  since  the  temperature  is  a  single-valued 
function  of  the  state  variables  under  adiabatic  conditions,  it  is  no  more  necessary  to 
determine  the  temperature  during  adiabatic  deformation  than  it  is  to  determine  the 
entropy  during  isothermal  deformation,  for  purposes  of  describing  constitutive  flow 
behavior. 

An  area  where  an  adiabatic  formulation  for  plastic  flow  should  be  particularly  use 
ful  is  in  computer  codes  designed  to  treat  dynamic  deformation  involving  plastic  wave 
propagation.  Constitutive  relations  so  far  employed  in  these  codes  have  generally  in¬ 
volved  either  ideal  plastic  or  isothermal  work  hardening  behavior. 2  Even  in  conditions 
of  highly  localized  flow,  the  assumption  of  adiabatic  conditions  should  be  a  significan 
improvement  over  the  isothermal  assumption,  particularly  when  deformation  times  are  in 
the  microsecond  range. 

Based  on  the  usual  physical  assumptions  applied  to  adiabatic  plastic  deformation, 
possible  anticipated  forms  for T  -  y re lations  under  constant  T  adiabatic  conditions  are 
derived  in  the  Appendix.  Of  these  possibilities,  an  expression  which  is  found  to  fit 
the  results  of  adiabatic  deformation  experiments  particularly  well  is  given  by: 

x  =  t0(1  +  ay)  exp  (-By)*  (5) 

Here  Tq  is  a  constant  representing  the  shear  yield  stress,  O'  is  a  dimensionless 
hardening  parameter,  and  (3  is  a  dimensionless  softening  parameter  which  can  be  inter¬ 
preted  in  terms  of  the  thermal  effect  represented  in  Equation  1.  In  order  to  generalis 
to  different  stress  states,  T  and  y  here  represent  "effective"  or  "equivalent"  shear 
stress  and  shear  strain  based  on  a  Von  Mises  or  "J2"  flow  criterion. 
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The T -  7  behavior  given  by  Eq.  5  is  depicted  schematically  in  Figure  2.  The  true 
stress  is  seen  to  reach  a  maximum  at  a  shear  instability  strain,  7-[,  which  is  simply 
determined  by  the  a  and  p  parameters  : 

Q-1  -1 

y±  =  &  "a  *  (6) 

Reliable  direct  measurements  of  adiabatic  plastic  flow  behavior  can  be  obtained  from 
torsion  and  simple  shear  tests  in  a  relatively  narrow  range  of  experimental  conditions 
defined  by  material  properties.  The  strain-rate  must  be  sufficiently  high  that  condi¬ 
tions  are  reasonably  adiabatic,  yet  sufficiently  low  that  deformation  is  not  dominated 
by  plastic  wave  propagation,  such  that  stress  and  strain  can  no  longer  be  simply 
inferred  from  load-displacement  information.  The  boundary  between  isothermal  and 
adiabatic  regimes  is  expressed  in  Eq.  3.  An  approximate  boundary  between  the  regimes 
of  "quasistat  i.c"  and  ’'dynamic"  plastic  flow  in  shear  deformation  is  given  by  the  con¬ 
dition  that  the  imposed  boundary  velocity  vq  produce  an  initial  elastic  stress  pulse 
equal  to  the  material  flow  stress  Tq.  This  is  expressed  by 

T0 

v0  =  (7) 

e 


where  v|  is  the  elastic  shear  wave  velocity  given  by  v|  =  VG/p  with  G  the  elastic  shear 
modulus.  From  Eq.  3  and  7  the  range  of  nominal  strain  rates  corresponding  to  the  regime 
of  "quasistatic  adiabatic  flow"  is  given  by 


K 

u 


<  r 


TO 

lVp*T  ’ 


(8) 


Provided  instrumental  factors  such  as  "ringing"  and  inertial  loading  effects  are  properl 
controlled,  tests  run  on  steel  specimens  with  convenient  L  dimensions  can  fall  comfort¬ 
ably  within  this  range  at  strain  rates  of  10^  to  10^s“^.  Such  experiments  of  course 
represent  a  compromise  which  is  neither  fully  adiabatic  nor  genuinely  static,  but  from 
a  practical  standpoint,  the  thermal  conditions  are  as  close  to  adiabatic  as  a  convention 
"isothermal"  test  is  to  isothermal,  and  the  character  of  the  plastic  deformation  is 
essentially  that  described  by  the  static  plasticity  viewpoint. 

Experimental  adiabat ic  T - 7  curve s  for  steels  obtained  from  thin-walled  torsion 
specimens  at  a  strain  rate  of  10^s”^  are  shown  in  Figure  3.  The  solid  curve  and  open 
point  are  from  the  data  of  Culver^  for  mild  steel,  the  open  point  estimated  from  the  loa 
and  local  strain  (from  scribe  marks)  at  fracture.  Data  points  from  Lindholm  and 
Hargreaves^’^  for  quench-and- tempered  HY-TUF  steel  in  both  air-melted  (AM)  and 
vacuum-arc-remelted  (VAR)  conditions  are  also  shown.  Results  very  similar  to  those  of  t 
HY-TUF  steels  have  been  obtained  for  4340  steel  tempered  to  hardness  of  HRC  45.^3 

The  dotted  curves  in  Figure  3  represent  the  fit  of  Eq.  5  using  the  parameters  giver 
in  Table  2.  Except  for  the  open  point  for  the  mild  steel  estimated  from  local  strain 
measurement,  the  data  presented  are  obtained  directly  from  load-displacement  measurement 
as  such,  the  points  beyond  the  stress  maximum  are  unreliable,  since  deformation  becomes 
localized,  and  strain  can  no  longer  be  directly  inferred  from  the  measured  displacement. 
Conditions  during  localized  flow  will  also  be  less  adiabatic  due  to  the  smaller  characte 
istic  distance  L."  The  deformation  preceding  the  stress  maximum,  however,  is  found 

*At  constant  imposed  boundary  velocity,  the  dependence  of  the  thermal  behavior  is  partially  compensated  by  an  L"^  dependence  of 
local  strain  rate. 
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to  be  reasonably  homogenous,  and  conditions  are  fairly  close  to  adiabatic.  The  simple 
relation  of  Eq.  5  is  found  to  fit  the  data  quite  well. 


Table  2.  PARAMETERS  DERIVED  FROM  ADIABATIC  TORSION  DATA 


Mild  Steel 

HY-TUF  (VAR) 

HY-TUF  (AM) 

?o 

31.8  ksl 
(219  MN/m2) 

132  ksi 
(910  MN/m2) 

133  ksi 
(917  MN/m2) 

a 

2.56 

2.36 

7.85 

B 

0.667 

1.61 

4.18 

1.11 

0.20 

0.112 

T 

max 

58.3  ksi 
(402  m/m  ) 

141  ksi 
(972  MN/m2) 

157  ksi 
(1082  MN/ni  ) 

The  adiabatic T -  7  data  of  Figure  3  verify  that  a  shear  instability  occurs  at  fairl 
low  strains  in  the  high  strength  steels,  consistent  with  the  expected  greater  thermal 
effect.  Having  obtained  T - Y  relations  at  a  strain-rate  of  10^s“^,  we  can  now  model  the 
development  of  shear  localization  by  applying  these  relations  in  computer  code  calculat 
We  will  adopt  the  assumption  that  these  same  relations  apply  at  higher  strain  rates.  F 
the  high-strength  steels  which  are  known  to  be  fairly  strain-rate  insensitive,  this  app 
mation  seems  particularly  appropriate. 


COMPUTER  SIMULATION  OF  SHEAR  LOCALIZATION 

Computer  simulations  of  adiabatic  plastic  deformation  have  been  run  using  the  HEMP 
code  developed  by  Wilkins-^  for  treating  dynamic  deformation.  The  code  couples  conserv 
tion  laws  with  an  appropriate  equat ion-of-s tate  for  dynamic  as  well  as  static  high 
pressure  conditions,  employing  a  finite-difference  formulation,  and  integrating  the  equ 
tions  of  motion  step-by-step  in  time.  Problems  can  be  treated  which  include  two  spatia 
dimensions  -  plane  strain  or  those  involving  rotational  symmetry.  Virtually  any  elasti 
plastic  constitutive  law  can  be  employed. 

Input  to  the  code  consists  of  specification  of  the  problem  geometry,  appropriate 
initial  velocities  or  applied  stress  fields,  and  the  material  dynamic  flow  properties. 
Output  consists  of  a  detailed  space-time  history  of  all  important  physical  quantities 
such  as  stress,  strain,  displacement,  and  velocity.  Thus  it  can  be  a  valuable  tool  foi 
providing  a  dynamic  ’’whole  field”  analysis  required  to  decipher  the  sequence  of  events 
occurring  in  complex  dynamic  problems.  Numerous  comparisons  of  HEMP  code  predictions  c 
experimental  results  indicate  excellent  agreement  when  material  properties  can  be  ade¬ 
quately  specified.  Further  details  of  the  computational  procedures  can  be  found  in 
Reference  2. 

To  treat  the  development  of  shear  localization,  the  deformation  of  the  simple  rec¬ 
tangular  body  depicted  in  Figure  4  was  simulated,  using  the  plastic  flow  relation  of  Ec 
with  parameters  similar  to  those  of  the  HY-TUF  steel  in  Figure  3.  The  bottom  surface  * 
held  stationary,  and  a  constant  velocity  was  applied  to  the  top,  corresponding  to  a 
instant  imposed  nominal  strain  rate.  The  development  of  shear  localization  is  illus¬ 
trated  in  subsequent  figures  representing  strain  profiles  along  the  midplane  AA  . 
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Figure  5  shows  the  development  of  the  strain  profiles  at  different  times  for  an  im¬ 
posed  boundary  velocity  of  1  x  103  cm/s.  This  velocity  represents  a  lower  limit  for 
convenient  calculation  times  using  the  HEMP  code,  and  should  correspond  to  conditions 
of  effectively  quasistatic  plastic  deformation.  The  dashed  line  depicts  the  instability 
strain,  Tf  ,  and  the  numbers  next  to  each  strain  profile  represent  time  in  microseconds. 

It  is  seen  that  deformation  is  initially  fairly  uniform,  but  once  the  instability  strain 
is  exceeded  deformation  becomes  localized  in  accordance  with  the  prediction  of  contin¬ 
uum  plasticity  theory. 

Two  shear  bands  are  found  to  nucleate;  each  is  only  one  zone  in  thickness.  The 
actual  positions  of  the  shear  bands  are  in  agreement  with  the  slip-line-field  analysis 
of  Green33  for  this  problem.  Such  agreement  is  appropriate,  since  slip-line-field 
theory  predicts  the  flow  pattern  for  a  material  with  no  work-hardening  capacity;  this 
is  identical  to  the  condition  which  prevails  at  the  instability  strain.  At  later  times, 
deformation  is  found  to  concentrate  in  the  band  near  the  lower  stationary  surface  (A  ). 

As  shown  in  Figure  6,  very  nearly  identical  deformation  behavior  is  found  for  an 
imposed  velocity  of  3  x  103  cm/s,  just  below  the  threshold  of  dynamic  behavior  expressed 
by  Equation  7. 

The  deformation  behavior  for  a  velocity  of  4  x  103  cm/s,  just  beyond  this  dynamic 
threshold,  is  illustrated  in  Figure  7.  The  behavior  is  very  similar  to  that  of  the  lowei 
velocities,  with  the  exception  that  the  shear  band  near  the  upper  (moving)  surface  is 
now  the  one  which  grows  at  longer  times,  and  the  band  near  the  lower  surface  appears  to 
be  slightly  more  diffuse.  This  is  illustrated  more  clearly  by  the  behavior  of  the  com¬ 
plete  grid  pattern  with  time  as  shown  in  Figure  8. 

The  influence  of  imposed  strain  rate  on  the  development  of  flow  localization  at 
these  velocities  is  depicted  in  Figure  9,  which  shows  the  maximum  strain  in  the  AA’ 
section  as  a  function  of  imposed  boundary  displacement,  vt.  As  the  imposed  velocity  is 
increased,  the  development  of  localization  for  strains  beyond  the  instability  strain  is 
delayed  with  respect  to  boundary  displacement.  The  influence  of  the  zone  size  employed 
in  the  HEMP  code  simulations  was  examined  by  running  the  lowest  velocity  problem  with 
twice  the  zone  size.  The  overall  deformation  pattern  was  qualitatively  the  same,  but 
as  Figure  9  indicates,  the  intensification  of  strain  within  the  shear  band  was  signifi¬ 
cantly  delayed.  This  effect  may  be  partly  because  the  strain  in  a  zone  resulting  from 
a  given  relative  displacement  across  the  zone  will  be  inversely  proportional  to  the 
zone  size.  However,  the  observed  difference  in  strain  increments  during  localization 
is  substantially  greater  than  the  zone  size  ratio.  These  effects  suggest  that,  while 
the  HEMP  code  results  are  in  excellent  agreement  with  the  qualitative  behavior  expected 
in  the  regime  of  quasistatic  plastic  deformation,  details  of  the  localization  process, 
such  as  the  time  scale  and  intensity  of  the  localization,  may  be  significantly  influ¬ 
enced  by  the  finite  zone  size  employed  in  the  computer  code.  This  could  potentially 
lead  to  difficulties  in  the  simulation  of  some  dynamic  problems. 

Extending  the  simulation  well  into  the  regime  of  dynamic  plastic  deformation,  the 
strain  profiles  along  AA'  for  an  imposed  velocity  of  3  x  10^  cm/ s  are  shown  in  Figure  10 
The  behavior  is  radically  different  from  that  of  Figures  3-7.  Rather  than  a  period  of 
relatively  uniform  deformation  followed  by  localization,  the  effect  of  the  plastic 
instability  is  superimposed  on  the  nonuniform  deformation  associated  with  dynamic  flow. 
It  appears  that  strains  greater  than  the  instability  strain  propagate  in  as  far  as  the 
position  where  the  shear  band  forms  in  the  quasistatic  case  (again  corresponding  to  the 
slip-line-field  solution);  there  is  then  intense  localization  in  the  first  zone  at  the 
surface,  while,  simultaneously,  strains  below  the  instability  strain  continue  to 
propagate 
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The  role  of  the  plastic  instability  in  establishing  this  deformation  pattern  is 
best  seen  by  comparing  this  result  with  that  of  the  identical  problem  run  with  monotonic 
work  hardening  behavior.*  This  is  shown  in  Figure  11  and  illustrates  the  basic  non¬ 
uniformity  of  the  dynamic  plastic  deformation.  Note  that  all  strains  continue  to 
propagate  within  the  material.  Comparing  strain  profiles  at  different  times,  the 
local  plastic  strain  rate  can  be  calculated.  This  is  plotted  as  a  function  of  position 
along  AA’  at  a  time  of  10  ps  for  the  results  of  both  the  monotonic  hardening  and 
adiabatic  s tress-strain  relations  in  Figure  12.  The  influence  of  the  adiabatic  plastic 
instability  is  quite  clear.  Whereas  the  local  strain  rate  varies  smoothly  between 
104  and  lCPs-1  in  the  monotonic  hardening  case,  the  shear  localization  resulting  from 
the  adiabatic  stress-strain  relation  causes  the  local  strain  rate  to  approach  lO^s”^- 
in  the  first  zone.  Adjacent  to  this  zone  is  a  nondeforming  "dead"  region,  followed  by  a 
region  in  which  strains  below  the  instability  strain  propagate  in  a  manner  very  similar 
to  the  monotonic  hardening  case.  A  comparison  of  the  complete  grid  patterns  at  10  ps  fc 
the  monotonic  hardening  and  adiabatic  behavior  is  shown  in  Figure  13,  emphasizing  the 
intense  localization  associated  with  the  plastic  instability  in  the  adiabatic  case. 

The  observed  dynamic  plastic  deformation  behavior  is  in  qualitative  agreement  with 
the  notion  of  "plastic  wave  trapping"  mentioned  earlier.  The  position  of  contours  of 
constant  strain,  AY(Y),  is  plotted  versus  time  for  the  adiabatic  problem  in  Figure  14. 
The  contour  for  a  strain  of  1/2  Y£  propagates  at  a  fairly  constant  velocity.  This 
velocity  corresponds  approximately  to  the  expected  velocity  of  a  plastic  shear  wave; 
however,  lower  strain  contours  propagate  much  faster,  and  there  is  evidence  that  other 
types  of  waves  contribute  to  the  deformation  through_J’end  effects"  associated  with  the 
particular  geometry  chosen.  The  strain  contours  of  Y^  and  2Y£  do  propagate  a  certain 
amount,  but  after  5  ps,  their  velocity  is  seen  to  reach  zero  in  accordance  with  the 
trapping  concept.  While  the  overall  behavior  is  more  complex  than  the  simple  plane  wave 
description,  and  there  is  some  propagation  of  strains  above  Y£,  the  development  of  inter 
localization  and  an  adjacent  nondeforming  region  does  appear  to  be  associated  with  the 
instability  strain  Yj[,  where  dT/dY  reaches  zero. 

The  observed  dependence  of  the  adiabatic  deformation  behavior  on  imposed  velocity  j 
summarized  in  Figure  15,  which  depicts  the  complete  grid  patterns  at  comparable  imposed 
displacements  of  the  upper  surface.  At  the  lowest  velocities,  two  shear  bands  nucleate; 
but  the  lower  band  grows.  For  an  intermediate  velocity  at  the  threshold  of  dynamic 
flow,  two  bands  nucleate,  but  the  lower  band  is  more  diffuse,  and  the  upper  band  eventu¬ 
ally  grows.  At  the  highest  velocities  there  is  intense  localization  in  one  band  at  the 
upper  surface. 

For  the  case  of  a  simple  shear  deformation,  then,  the  use  of  the  empirical  adiabat: 
flow  relation  in  the  HEMP  code  allows  us  to  simulate  shear  localization  in  agreement  wil 
expected  behavior  under  quasistatic  conditions,  and  to  examine  the  manner  in  which  dynar 
flow  conditions  modify  this  behavior.  It  now  becomes  of  interest  to  apply  this  approacl 
to  more  complex  problems. 


APPLICATION  TO  BALLISTIC  PENETRATION 

Some  preliminary  calculations  have  been  run  applying  the  HEMP  code  with  adiabatic 
flow  relations  to  the  impact  of  1 . 0-cm-diameter  steel  projectiles  against  1 . 25-cm-thick 
steel  plates.  Using  the  same  high-strength  steel  flow  parameters  for  the  projectile 
as  used  in  the  simple  shear  simulations,  and  using  the  mild  steel  behavior  of  Figure  3 

*Work  hardening  parameters  appropriate  to  the  isothermal  deformation  of  high  strength  steels  were  used,  keeping  initial  yield  stress  constant. 
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for  the  target,  the  deformation  pattern  obtained  at  a  stage  of  partial  penetration  is 
shown  in  Figure  16.  Except  for  details  of  projectile  fracture  which  are  not  treated  in 
the  model,  the  overall  behavior  is  in  reasonable  agreement  with  that  depicted  in  Figure 
Due  to  the  high  instability  strain  in  the  mild  steel,  shear  banding  in  the  target  is  not 
expected. 

If  the  properties  of  the  target  are  made  the  same  as  the  projectile,  the  behavior  d 
picted  in  Figure  17  is  found.  While  there  is  no  evidence  of  shear  banding  in  the  target 
there  is  severe  flow  localization  in  the  projectile.  Such  extensive  deformation  of  the 
projectile  is  not  entirely  unexpected,  since  at  equal  hardness  the  target  has  a  geometri 
advantage  over  the  projectile. 

In  an  effort  to  simulate  shear  plugging  of  the  target,  the  complication  of  projec¬ 
tile  deformation  was  removed  from  the  problem  by  using  an  extreme  flow  stress  for  the 
projectile.  This  lead  to  the  deformation  pattern  depicted  in  Figure  18.  Although  these 
conditions  would  be  expected  in  practice  to  lead  to  the  plugging  behavior  of  Figure  lb, 
the  simulated  projectile  is  found  to  burrow  through  the  target  by  what  appears  to  be  a 
’’hydrodynamic  flow”  mode  of  target  deformation.  While  each  of  these  simulations  allowed 
frictionless  sliding  at  the  target-projectile  interface,  the  addition  of  complete 
surface  welding  in  the  latter  problem  did  not  substantially  alter  the  deformation  patter 
nor  did  the  use  of  mono tonic  work  hardening  behavior  for  the  target  material,  although 
the  actual  stress  levels  were  influenced.  It  thus  appears  that  the  behavior  of  the  simu 
lation  is  essentially  that  of  a  plastically  stable  material.  Although  the  instability 
strain  is  exceeded,  and  there  is  strain  softening,  the  localization  of  flow  in  the  form 
of  shear  bands  is  suppressed,  and  an  alternate  mode  of  plastic  flow  ensues. 

The  velocity  and  zone-size  dependence  of  the  localization  process  observed  in  the 
simple  shear  simulations  implies  that  the  development  of  shear  bands  in  the  ballistic 
penetration  simulation  might  be  delayed  by  the  finite  zones  employed  by  the  HEMP  code. 
The  role  of  zone  size  warrants  further  investigation,  but  the  velocities  involved  in 
the  ballistic  penetration  simulations  are  not  greatly  different  from  that  of  the  fully 
dynamic  simple  shear  simulation  in  which  fairly  intense  flow  localization  developed  in 
only  a  few  microseconds . 

It  is  important  to  note  that  the  stress  states  encountered  in  ballistic  penetration 
are  radically  different  from  that  of  the  simple  shear,  involving  substantial  hydrostatic 
stresses.  The  simulations  of  the  high-strength  target  penetration  indicate  a  compres¬ 
sive  hydrostatic  component  in  the  region  ahead  of  the  projectile  of  the  order  of 
50  kbar  (750  ksi)  during  gross  plastic  deformation.  At  the  same  time,  there  is  a  highly 
deformed  region  of  the  target  several  zones  wide  near  the  projectile  corners  in  which  a 
tensile  hydrostatic  component  of  ~10  kbar  (150  ksi)  is  maintained;  it  seems  very  likely 
that  local  fracture  would  occur  in  this  region  with  an  attendant  significant  modificatio 
of  the  pattern  of  plastic  flow.  These  factors,  together  with  the  apparent  inadequacy  of 
the  simple  shear  description  in  simulating  ballistic  penetration  by  plugging,  raise  the 
interesting  question  of  the  possible  interrelationships  of  pressure,  fracture,  and 
shear  instability. 


PRESSURE-DEPENDENT  SHEAR  INSTABILITY 

Of  particular  concern  in  the  modeling  of  the  high-strain  plastic  flow  behavior  of 
steels  are  experimental  observations  indicating  that  isothermal  flow  behavior  is  also 
describable  by  the  empirical  relation  developed  for  adiabatic  flow  (Eq.  5),  and  that  the 
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instability  strain  V ^  is  pressure  dependent.  Figure  19  represents  the  results  of  Walker 
and  Shawls  fr0m  plane-strain  linear  shear  experiments  in  which  a  constant  uniaxial  com¬ 
pressive  load  is  superimposed  normal  to  the  shear  plane.  The  figure  shows  effective 
shear  stress-strain  curves  at  different  normal  stresses  for  a  cold-worked  0.10C  mild 
steel  under  isothermal  conditions.  A  shear  instability  was  observed  at  the  stress  maxi¬ 
mum.  As  Figure  19  shows,  the  instability  strain  increases  with  compressive  stress. 
Walker  and  Shaw  interpret  this  result  in  terms  of  a  contribution  to  high  strain  plastic 
flow  from  the  propagation  and  rewelding  of  subcritical  shear  microcracks  which  introduce 
a  pressure-dependent  strain-softening  effect.  Bridgman36  obtained  similar  results  in 
combined  torsion  and  compression  tests  on  steels,  and  reported  observing  shear  cracks 
which  open  and  close  during  deformation.  The  pressure-dependent  frictional  sliding 
across  shear  cracks  is  known  to  be  an  important  plastic  flow  mechanism  in  brittle  mate¬ 
rials  under  high  pressure,  and  the  development  of  shear  localizaion  for  such  materials 
has  been  treated  quantitatively  by  Rudnicki  and  Rice. 37  The  Walker  and  Shaw  results  foi 
mild  steels  were  verified  in  similar  experiments  by  Luong,^’^  which  included  a  quan¬ 
titative  scanning  electron  microscopy  (SEM)  study  of  the  development  of  voids  and 
microcracks  during  deformation.  The  defects  were  observed  before  the  stress  maximum  anc 
were  found  to  increase  in  number  with  further  straining.  Whereas  Walker  and  Shaw  sugges 
that  the  strain-softening  effect  associated  with  microcrack  formation  is  due  to  reduced 
effective  cross-sectional  area,  Luong  concludes  that  this  geometric  effect  can  account 
for  only  10%  of  the  observed  stress  drop,  and  suggests  that  local  enhancement  of  slip 
around  voids  may  be  a  more  important  softening  contribution.  One  might  also  consider  tl 
kinetics  of  crack  growth  itself  as  a  deformation  mechanism  with  associated  dynamic 
softening  behavior  analogous  to  the  " transformation  plasticity”  effects  encountered  in 
strain- induced  transformations  and  mechanical  twinning. 38 , 39 

Whatever  the  actual  mechanism,  it  is  clear  from  the  experimental  results  depicted  i 
Figure  19  that  a  pressure-dependent  shear  instability  in  steels  exists.  Analysis  of  the 
Walker  and  Shaw  data  indicates  that  the  observed  behavior  can  be  reasonably  well  rep¬ 
resented  by  Eq.  5  if  the  (3  softening  parameter  is  made  a  linear  function  of  pressure. 
Rather  than  a  thermal  softening  effect,  the  softening  is  regarded  here  as  a  pressure 
dependent  "microcrack"  softening,  fic( P)  expressed  by 

eC(P)  =  f$oC-kP  (9) 

with  /3qc  and  k  constants.  The  associated  behavior  of  (3C  and  y ^  with  pressure  P,  and 
the  form  of  the  T-y  curves  for  different  pressures,  are  represented  schematically  in 
Figure  20.  Beyond  a  critical  pressure  P*  there  is  no  softening  effect,  and  strain¬ 
hardening  is  monotonic. 

If  the  pressure-dependent  strain-softening  effect  occurs  under  isothermal  condi¬ 
tions  it  can  also  be  expected  during  adiabatic  deformation.  This  has  been  verified  by 
Luong^>^  by  extending  the  shear  +  compression  tests  on  mild  steels  to  high-strain 
rates.  Flow  stresses  were  higher  due  to  the  rate  sensitivity  of  the  mild  steels,  and 
the  shear  instability  occurred  at  lower  strains,  still  a  function  of  compressive 
stress.  The  simplest  model  of  pressure-dependent  behavior  under  adiabatic  conditions 
Is  to  assume  that  a  fixed  thermal  softening  cont r ibut ion  0 and  the  pressure-dependent 
term  /3C(P)  are  additive: 

th  p 

e  =  e  +  e  (p).  do) 
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This  gives  the  behavior  represented  schematically  in  Figure  21.  Beyond  the  critical 
pressure  P*  where  0C  =  0,  0  becomes  0^  and  the  instability  strain  reaches  the  constant 
value  7^  associated  with  the  thermal  softening  effect  alone.  This  gives  the  family 
of T ~ 7  curves  depicted  in  Figure  21c,  in  which  the  curve  for  pressures  above  P*  shows 
the  theoretical  behavior  for  the  thermal  instability  in  the  absence  of  the  pressure- 
dependent  softening  contribution. 

The  flow  behavior  predicted  by  Eqs.  5,  9,  and  10  and  represented  in  Figure  21  pro¬ 
vides  us  with  a  model  for  pressure-dependent  adiabatic  plastic  deformation  which  could 
be  applied  to  the  computer  simulation  of  dynamic  deformation  problems.  While  values 
of  the  parameters  can  be  estimated  from  the  experiments  on  mild  steels,  unfortunately 
no  appropriate  experimental  information  is  currently  available  for  the  high-strength 
steels  for  which  shear  instability  is  of  greatest  interest.  In  order  to  obtain  this 
information,  an  instrumented  pendulum-type  impact  machine  is  being  modified  at  AMMRC  tc 
allow  testing  of  the  double-shear  specimen  illustrated  schematically  in  Figure  22.  Ttu 
central  portion  of  the  specimen  is  struck  by  an  instrumented  tup  at  sufficient  velocity 
to  impose  adiabatic  strain  rates  of  10^  to  lO^s”!  while  a  constant  load  Pn  is  maintaine 
normal  to  the  plane  of  shear.  Should  the  high  strength  steels  show  the  same  pressure- 
dependent  shear  instability  behavior  found  in  the  mild  steels,  a  better  understanding 
of  the  mechanisms  underlying  pressure-dependent  softening  will  be  imperative  to  an 
understanding  of  the  phenomenon  of  adiabatic  shear. 


CONCLUSION 


While  all  the  factors  underlying  the  shear  instability  observed  during  the  adiabal 
deformation  of  high  strength  steels  are  not  well  understood,  the  use  of  empirical  adia¬ 
batic  flow  relations  derived  from  torsion  test  results  has  allowed  successful  computer 
simulation  of  strain  localization  in  a  simply  loaded  body.  The  results  are  in  excellei 
agreement  with  expected  behavior  under  quasistatic  deformation  conditions  and  have  als< 
allowed  an  examination  of  the  manner  in  which  dynamic  deformation  can  modify  the  devel< 
ment  of  flow  localization.  While  the  use  of  this  simple  flow  relation  in  preliminary 
computer  calculations  for  the  more  complex  problem  of  ballistic  penetration  has  not 
successfully  simulated  shear  plugging  behavior,  some  available  experimental  results  in¬ 
dicate  that  incorporation  of  pressure-dependent  softening  effects  may  be  necessary  to 
correctly  model  the  adiabatic  flow  behavior  of  steels  under  complex  loading  condi¬ 
tions.  If  further  experiments  verify  that  these  pressure-dependent  effects  operate 
in  the  high  strength  steels,  this  will  indicate  that  an  understanding  of  the 
role  of  voids  and  microcracks  in  the  high  strain  deformation  of  steels  is  essential  to 
an  understanding  of  the  adiabatic  shear  phenomenon.  From  the  viewpoint  of  a  metal¬ 
lurgist,  this  might  be  a  desirable  circumstance.  Rather  than  the  heat  capacity, 
temperature  dependence  of  flow  stress,  and  strain  hardening  capacity  as  the  only 
important  variables,  an  essential  role  of  these  fracture-related  processes  would  mean 
that  aspects  of  microstructure  more  amenable  to  metallurgical  influence  could  have  a 
decisive  influence  on  the  strain  localization  process. 
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Figure  1.  Penetration  of  0.22-inch  (0.56  cm)  4340  steel  plates 
by  0.22-inch-diameter  flat-ended  steel  projectiles,  a)  HRC  15 
target  hardness,  v  =  8.1  x  104  cm/s;  b)  HRC  52  target  hardness, 
v  =  7.3  x  IQ**  cm/s.  (2) 


Figure  2.  Schematic  adiabatic 
stress-strain  curve. 


Figure  5.  Strain  profiles  along  AA'  for  v  =  1  x  10^  cm/s. 
Time  expressed  in  microseconds. 


Figure  6.  Strain  profiles  along  AA'  for  v  -  3  x  10^  cm/s. 
Time  expressed  in  microseconds. 


14 


Figure  7.  Strain  profiles  along  AA'  for  v  -  4  x  10^  cm/s. 
Time  expressed  in  microseconds. 


t  =  50 


Figure  8.  Grid  pattern  development  with  time 
(in  microseconds),  v  =  4  x  10^  cm/s. 


Figure  9.  Maximum  strain  in  AA'  section  versus  imposed 
boundary  displacement,  vt. 


Figure  10.  Strain  profiles  along  AA*  for  v  -  3  x  10^  cm/s. 
Time  expressed  in  microseconds. 
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Figure  11.  Strain  profiles  along  AA' 
for  v  =  3  x  10^  cm/s  with  monotonic 
work  hardening  behavior.  Time  ex¬ 
pressed  in  microseconds. 


Figure  12.  Local  strain  rate  along  AA' 
at  t  -  10  ms  for  v  =  3  x  104  cm/s 
comparing  monotonic  hardening  and 
adiabatic  flow  behavior. 


Figure  13.  Comparison  of  complete  grid 
patterns  at  t  =  10  /is  for  v  =  3  x  10^  cm/s. 
a)  monotonic  hardening;  b)  adiabatic  behavior. 


t,  MS 


Figure  14.  Position  of  constant  strain  contours 
with  time  for  adiabatic  flow  behavior  at 
v  =  3  x  104  cm/s. 


v  =  1  x  103  cm/s 


v  a  4  x  103  cm/s 


v  =  3  x  104  cm/s 


Figure  15.  Effect  of  imposed  boundary  velocity  on 
deformation  pattern  at  comparable  boundary  dis¬ 
placements. 


Figure  16.  Simulation  of  ballistic  penetration 
of  mild  steel  plate  by  fiat-ended  high-strength 
steel  projectile  using  adiabatic  flow  relations. 
Projectile  velocity  7.5  x  10^  cm/s,  t  =  20  ps. 
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Figure  17.  Simulation  of  impact  of  high- 
strength  steel  projectile  on  high-strength 
steel  plate,  projectile  velocity  1.0  x  10^  cm/s, 
t  =  35  jus. 


Figure  18.  Simulation  of  ballistic  penetration 
of  high-strength  steel  plate  by  ultra-high 
strength  steel  projectile.  Projectile  velocity 
1.0  x  105  cm/s,  t  =  12  ms. 


Shear  Strain,  / 

Figure  19.  Effective  shear  stress-strain  curves  at  indicated  constant 
compressive  stresses,  mild  steel. 13 
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a) 


b) 


c) 

r 


Figure  20.  Schematic  pressure- 
dependent  behavior  of  (3,  7j,  and 
r-y  curves  for  isothermal  defor¬ 
mation  with  microcrack  softening. 


Figure  21.  Schematic  pressure- 
dependent  behavior  of  /3,  7j,  and 
T-y  curves  for  adiabatic  defor¬ 
mation  with  both  microcrack  and 
thermal  softening. 


Figure  22.  Configuration  of  adiabatic 
double  shear  +  compression  test  to  be 
applied  to  high-strength  steels. 


20 


APPENDIX.  ADIABATIC  STRESS-STRAIN  RELATIONS 


The  thermal  softening  effect  represented  by  Eq.  1  can  be  expressed  as: 

3T  3t 

— - -6t  (A-l) 

3y  3T 

with  /3  given  by 

5  pcP  3lP  (A-2) 

P 


Taking  Q  as  a  constant,  the  form  of  the  adiabatic  t  -  y  curve  at  constant  y  will 
depend  on  the  form  of  the  structural  strain  hardening  behavior.  A  form  commonly 
employed  to  describe  isothermal  strain  hardening  behavior  is  the  simple  power  law 
hardening  relation: 

x  =  Kyn  (A-3) 

with  K  and  n  constants.  This  hardening  behavior  can  be  expressed  in  differential 
form  as : 


dr  -n“ 1 

=  nKy  ’ 

dy 


or,  by  substitution  of  Equation  A-3, 


(A-4) 


dx 

dy 


(A-5) 


While  Eq.  A-3  is  perhaps  less 
ing  law,  it  is  mathematically 
thermal  softening  term  of  Eq. 
for  adiabatic  flow: 


physically  meaningful  than  Eq.  A-4  as  a  basic  harden- 
more  convenient;  adopting  Eq.  A-5  and  adding  the 
A-l  yields  a  simple  separable  differential  equation 


dr 

dy 


x  . 


(A-6) 


Integration  yields  the  relation 
x  =  Ky11  exp  (-  3y)* 


( A-7  ) 
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Similarly,  adopting  other  simple  forms  for  the  structural  hardening  behavior,  and  ex¬ 
pressing  the  hardening  rate  as  a  function  of  stress,  leads  to  the  simple  relations 
given  in  Table  A-l.  Some  properties  of  these  relations  are  also  given  in  the  table. 
Expressing  the  equivalent  uniaxial  tensile  stress  and  strain  as  <7  =  V 3 T  and  6=7/  V"3, 
the  associated  tensile  necking  strain  cn  is  also  included. 

Table  A-l.  ADIABATIC  STRESS-STRAIN  RELATIONS 


Stress-strain  relation:  t  =  Kyn  exp (-By)  x  =  K(y+y  )n  exp (-By) 


t  =  tq  (l+ay)n  exp (-By) 


Differential  form: 


dx  /n 
dy 


(r  -e)  ?  -=(rV-6\ 

\Y  )  dy  \Y+Yo  / 


dx  /  na 


dy 


\l+ay  / 


Yield  stress: 


V  -  KYo 


Ty  =  To 


n  Yo 


n  1 


Tensile  necking  strain:  en  =j=—  £ n  =  75PT755" 


Shear  instability  strain:  y^  =  -- 


Yi  =  e  "Yo 


n  -1 
Y  .  -  — a 
Yi  B 


Maximum  flow  stress: 


m 


TT/n  \ n  -  „/n  \n  /  -  \  -  -  /na\n 

=  K(fTe)  Tm  =  K\ei)  exp  (6Yo)  Tm  =  To(ei)  expla 


Comparison  with  experimental  results  as  in  Figure  3  suggests  that  the  third  relation 
in  Table  A-l,  with  n  =  1,  is  adequate  for  describing  the  behavior  of  high  strength  steels. 
This  gives  the  relation  of  Eq.  5.  The  Tq  ,  ol  ,  and  (3  parameters  can  be  determined  from  the 
stress  maximum  point  Tm  (7^)  and  one  other  point.  Using  the  yield  point,  the  ratio 
r  =  P/q>  can  be  obtained  from 

x 

In  ^  +  1  =  r  -  lnr .  (A-8) 

p0 


This  is  most  easily  determined  from  a  plot  of  the  function  x-lnx  versus  x,  as  given  in 
Figure  A-l.  From  this  r  value,  (3  and  a  are  simply  obtained  by  the  relations 


3 


and 


a  =  B/r. 


(A-9) 


(A- 10) 
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Figure  A-1 .  Plot  of  x-1  nx  versus  x  for  fitting  of  Equation  5. 


If  the  yield  point  is  not  well  defined,  another  flow  stress  point  TjCTi)  can  be  used 
through  the  relation 


T 

In  3^ — P  1  =  n-lnn 
*1 


with 


( A- 1 1 ) 


( A- 1 2 ) 


and  a  and  /3  are  again  determined  from  r  and  Y £  through  Equations  A- 9  and  A-10. 
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The  strain  localization  phenomenon  of  "adiabatic  shear"  is  generally  attributed  to  a  plastic  instability 
arising  from  a  thermal  softening  effect  during  adiabatic  or  near-adiabatic  plastic  deformation.  High 
strain-rate  adiabatic  torsion  tests  indicate  that  the  effective  shear  stress-strain  (t-y)  relations 
for  high-strength  (rate-insensitive)  steels  can  be  described  by  a  simple  expression  of  the  form; 

f  =  tq(1  +  ay)  exp  (-By) 

where  F0  is  a  constant,  a  and  3  are  dimensionless  hardening  and  softening  parameters.  The  flow  stress 
reaches  a  maximum  at  an  instability  strain,  y ^  •  0-1-q-I.  With  parameters  derived  from  the  torsion 

tests,  this  relation  has  been  used  in  computer  simulations  of  the  development  of  intense  shear 
localization  in  a  simple  uniformly  loaded  body.  Strain  localization  has  been  studied  under  conditions 
of  both  quasistatic  and  dynamic  deformation.  Application  to  the  simulation  of  ballistic  penetration 
is  in  progress.  Experimental  evidence  indicates  the  existence  of  a  pressure-dependent  strain  softening 
effect  attributed  to  subcritical  shear  microcracks  which  contributes  to  shear  instability  in  mild 
steels.  This  phenomenon  may  also  operate  in  high-strength  steels,  giving  rise  to  a  pressure- 
dependent  3  parameter.  Experiments  are  being  designed  to  determine  the  relative  importance  of  this 
effect  in  the  adiabatic  deformation  of  high-strength  steels  and  its  possible  role  in  ballistic 
penetration. 
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The  strain  localization  phenomenon  of  "adiabatic  shear"  is  generally  attributed  to  a  plastic  instability 
arising  from  a  thermal  softening  effect  during  adiabatic  or  near-adiabatic  plastic  deformation.  High 
strain-rate  adiabatic  torsion  tests  indicate  that  the  effective  shear  stress-strain  (t-y)  relations 
for  high-strength  (rate-insensitive)  steels  can  be  described  by  a  simple  expression  of  the  form: 

t  =  tq(1  +  ay)  exp  (-By) 

where  V0  is  a  constant,  a  and  3  are  dimensionless  hardening  and  softening  parameters.  The  flow  stress 
reaches  a  maximum  at  an  instability  strain,  yj  =  p-l-a'l.  With  parameters  derived  from  the  torsion 
tests,  this  relation  has  been  used  in  computer  simulations  of  the  development  of  intense  shear 
localization  in  a  simple  uniformly  loaded  body.  Strain  localization  has  been  studied  under  conditions 
of  both  quasistatic  and  dynamic  deformation.  Application  to  the  simulation  of  ballistic  penetration 
is  in  progress.  Experimental  evidence  indicates  the  existence  of  a  pressure-dependent  strain  softening 
effect  attributed  to  subcritical  shear  microcracks  which  contributes  to  shear  instability  in  mild 
steels.  This  phenomenon  may  also  operate  in  high-strength  steels,  giving  rise  to  a  pressure- 
dependent  3  parameter.  Experiments  are  being  designed  to  determine  the  relative  importance  of  this 
effect  in  the  adiabatic  deformation  of  high-strength  steels  and  its  possible  role  in  ballistic 
penetration. 
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x  =  xo(l  +  ay)  exp  (-By) 

where  T0  is  a  constant,  a  and  3  are  dimensionless  hardening  and  softening  parameters.  The  flow  stress 
reaches  a  maximum  at  an  instability  strain,  y^  =  0'1-a"1.  With  parameters  derived  from  the  torsion 
tests,  this  relation  has  been  used  in  computer  simulations  of  the  development  of  intense  shear 
localization  in  a  simple  uniformly  loaded  body.  Strain  localization  has  been  studied  under  conditions 
of  both  quasistatic  and  dynamic  deformation.  Application  to  the  simulation  of  ballistic  penetration 
is  in  progress.  Experimental  evidence  indicates  the  existence  of  a  pressure-dependent  strain  softening 
effect  attributed  to  subcritical  shear  microcracks  which  contributes  to  shear  instability  in  mild 
steels.  This  phenomenon  may  also  operate  in  high-strength  steels,  giving  rise  to  a  pressure- 
dependent  3  parameter.  Experiments  are  being  designed  to  determine  the  relative  importance  of  this 
effect  in  the  adiabatic  deformation  of  high-strength  steels  and  its  possible  role  in  ballistic 
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The  strain  localization  phenomenon  of  "adiabatic  shear"  is  generally  attributed  to  a  plastic  instability 
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of  both  quasistatic  and  dynamic  deformation.  Application  to  the  simulation  of  ballistic  penetration 
is  in  progress.  Experimental  evidence  indicates  the  existence  of  a  pressure-dependent  strain  softening 
effect  attributed  to  subcritical  shear  microcracks  which  contributes  to  shear  instability  in  mild 
steels.  This  phenomenon  may  also  operate  in  high-strength  steels,  giving  rise  to  a  pressure- 
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